Objective: Knockout of the neural and cardiac expressed transcription factor HF-1b causes electrophysiological abnormalities including fatal ventricular arrhythmias that occur with increasing frequency around the 4th week of postnatal life. This study addresses factors that may contribute to conduction disturbance in the ventricle of the HF-1b knockout mouse. Disruptions to gap junctional connexin40 (Cx40) have been reported in distal (i.e., apically located), but not proximal His -Purkinje conduction tissues of the HF-1b knockout mouse. This abnormality in myocardial Cx40 led us to address whether 4-week-old HF-1b knockout postnates display other disruptions to ventricular structure and function. Methods: Western blotting and immunoconfocal quantification of Cx43 and coronary arteriole density and function were undertaken in the ventricle. Electrical activation was described by optical mapping. Results: Western blotting and immunoconfocal microscopy indicated that overall levels of Cx43 ( p < 0.001) and percent of Cx43 localized in intercalated disks ( p < 0.001) were significantly decreased in the ventricular myocardium of knockouts relative to wildtype littermate controls. Analysis of the reduction in Cx43 level by basal and apical territories revealed that the decrease was most pronounced in the lower, apical half of the ventricle of knockouts relative to controls ( p < 0.001). Myocyte size also showed a significant decrease in the knockout, that was more marked within the apical half of the ventricle ( p < 0.05). Optical recordings of ventricular activation indicated apically localized sectors of slowed conduction in knockout ventricles not occurring in controls that could be correlated directly to tissues showing reduced Cx43. These discrete sectors of abnormal conduction in the knockout heart were resolved following point stimulation of the ventricular epicardium and thus were not explained by dysfunction of the His -Purkinje system. To further probe base-to-apex abnormalities in the HF1b knockout ventricle, we analyzed coronary arterial structure and function. These analyses indicated that relative to controls, the apical ventricular territory of the HF-1b knockout had reductions in the density of small resistance vessels ( p < 0.01) and deficits in arterial function as assayed by bead perfusion ( p < 0.01). Conclusion: The HF-1b knockout ventricle displays abnormalities in Cx43 level, myocyte size, activation spread and coronary arterial structure and function. These abnormalities tend to be more pronounced in the apical territory of the ventricle and seem likely to be factors contributing to the pathological disturbance of cardiac conduction that characterizes the heart of the HF-1b knockout mouse.
Introduction
Sudden cardiac death is a leading health problem in Western nations, taking the lives of hundreds of thousands of people each year [1, 2] death is multifactorial, though most commonly it is associated with cardiovascular disease, and in particular, coronary artery disease. While mutations in ion channels have been implicated in a number of cases, the degree to which other genetic and epigenetic factors predispose the remainder of this population to develop a deadly arrhythmia remain to be fully characterized. A transgenic mouse model of sudden cardiac death, the HF-1b homozygous knockout mouse (HF1-b À/À ) [3] , has been reported. HF-1b is a zinc finger transcription factor (Sp-1 related) that is preferentially expressed in neural [4] and myocardial [3] lineages. HF-1b À/À mice survive to birth and display relatively normal cardiac morphology. During postnatal life, HF-1b À/À animals of either sex develop complete penetrance of a severe disturbance to cardiac conduction, symptoms of which include secondary and tertiary atrioventricular blocks, spontaneous ventricular tachycardia, asystole and sudden cardiac death [3] . The mechanism leading to these defects of activation and the extent to which the cardiac pathogenesis of the HF-1b À/À knockout mouse can aid our understanding of arrhythmogenesis in the human heart remain to be determined.
In addition to a tendency to develop lethal arrhythmias, other abnormalities have been identified in the ventricle of the HF-1b knockout mouse [3] . These included increased action potential duration heterogeneity among isolated myocytes, up-regulation of minK mRNA and abnormalities in the expression of the gap junction protein connexin40 (Cx40) in conduction tissues. Interestingly, disruption of Cx40 in the HF-1b knockout was largely confined to Purkinje fiber cells in the most distal parts of the conduction system. In mouse, distal conduction cells are localized almost exclusively in the apical half of the ventricle [5] . The apical localization of Cx40 abnormality led us to address whether the ventricular myocardium of the HF-1b knockout displayed other spatial and/or territory specific variations in ventricular structure and function. We thus undertook analyses of Cx43 level and distribution, myocyte size variation, optically mapped activation spread and coronary arterial structure and function in the knockout heart, focusing in particular on base-to-apex variations in the parameters studied. These analyses revealed multiple pathological changes in the structure and activation of the HF-1b knockout heart that were consistently more marked in the apical territory of the ventricle than in the base.
Methods

Animals, tissue collection and PCR genotyping HF-1b
+/+ (wildtype), HF-1b +/À (heterozygous) and HF1b À/À (knockout) mice were obtained from a breeding colony using animals produced by homologous recombination as previously described by Nguyen-Tran et al. [3] .
Genotype for each mouse was determined using PCR analysis of genomic DNA from tail biopsies. All animals were treated and cared for in accordance with the National Institutes of Health ''Guide for the Care and Use of Laboratory Animals'' (NIH Publication No. 85-23, revised 1996, National Research Council, Washington, DC).
Western blotting
Western blot analyses of Cx43 levels were undertaken on alkaline membrane extracts from 4-week-old mouse ventricles and HeLa cells using approaches previously described [6, 7] . Alkaline treatment provided for enrichment of the pool of membrane-localized Cx43 gap junctions similar to that quantified in the immunoconfocal Cx43 content analyses. Non-transfected (wildtype) human cervix carcinoma HeLa cells and transfected cells expressing mouse Cx43 were kindly provided by Professor Klaus Willecke. Western blotting of Cx43 was repeated on independent blots from at least 3 animals per genotype. The polyclonal antibody (Rb3) against Cx43 used in this study was raised to a peptide corresponding to amino acid residues 252 -270 of rat Cx43 using a customized service (Research Genetics, Inc.). The serum was then affinity purified against the peptide coupled to an activated chromatography matrix also using a customized service (Research Genetics, Inc.). This peptide is a commonly used Cx43 immunogen in production of monoclonal and polyclonal antibodies against Cx43 [8] . The specificity of the antibody for Cx43 in mouse and HeLa cells expressing Cx43 was confirmed in Western blotting and immunohistochemical tests (Fig. 1 ).
Quantificative analyses of Cx43, myocyte size and arterial density
Cx43 immunolabeling and quantification were done as follows: Frozen sections (10 Am) of 4-week-old wildtype, heterozygous and knockout hearts (3 per genotype) were labeled with the Rb3 anti-Cx43 antibody and rhodaminephalloidin (Sigma) using standard protocols as previously described [6] . Rhodamine -phalloidin delineates myofibers and enabled precise discrimination of intercalated disklocalized Cx43 signal. Estimates of Cx43 content were derived from confocal optical sections by an investigator blind to genotype. The quantitation method has been validated by us [6, 9, 10] and others [11, 12] in many studies, including by direct comparison to freeze-fracture morphometry of Cx43 GJs [13] . Cx43 immunolabeled sections used for the quantification were selected from posterior regions of the serially sectioned hearts. This region of the ventricle is flat and contains myofibers uniformly oriented across the left and right ventricles, providing for full-length frozen sections of the ventricle containing high densities of longitudinally arrayed cells (e.g., Fig. 1 ). Frozen sections of the ventricle were divided into basal and apical halves. Fifteen optical sections were taken at random within each of these apical and basal territories of the frozen section. This was repeated on frozen sections from each of the nine mouse hearts used (3 wildtype, 3 heterozygote, 3 knockout) to give a total of 270 optical sections sampled (i.e., 15 optical sections Â 2 territoriesÂ 3 mice Â 3 genotypes). Single optical sections were taken with a Â40 oil objective (Plan-Neofluor 40Â 1.3 NA oil, Zeiss), using constant zoom, aperture and gain settings on a Bio-Rad MRC-1024 scanning laser confocal microscope (LSCM) within a mid-Z-plane of the frozen section. Measurement of Cx43 content within optical sections was performed using NIH Image. Following 3 Â 3 median filtering, a pixel intensity threshold was set such that a binary image of the Cx43 signal was matched precisely to an underlying grayscale image of Cx43 immunolabeling. The area of Cx43 (i.e., content) within the optical section was derived from the binary image. Phalloidin-labeling was used to assist in discrimination of Cx43 signals immunolocalized at intercalated disks (i.e., percent disk-localized Cx43 area-see inset Fig. 1a ) and also provide an estimate of myocardial area within the optical section to normalize Cx43 content measurements (i.e., Cx43 area per tissue area). The inset in the upper right corner of (a) shows rhodamine -phalloidin delineation of intercalated disks shown in the boxed region within (a). Rhodamine -phalloidin labeling was used in the identification and quantification of percent Cx43 area localized at intercalated disks (see Table 1 
Myocyte size quantification
Frozen sections of 4-week-old wildtype and knockout hearts (3 per genotype) were labeled with FITC conjugated to wheat germ agglutinin (WGA -FITC, Molecular Probes) and Hoechst (Sigma) for delineation of myocyte borders and nuclei. For labeling, sections were incubated with a PBS solution containing WGA -FITC (1 : 100) and Hoechst (1 : 20,000) for 10 min at 37 -C, washed in PBS and cover-slipped in anti-fade mounting medium (Molecular Probes). The sections used in this quantification were sister, or near sister sections, to those used for Cx43 quantification. Double-labeled fluorescent images for counting myocyte profiles were captured using a Â40 1.3 NA oil immersion objective on a Leica DML fluorescence microscope equipped with a Hammatsu C5180 digital camera attached to a video monitor (Sony Triniton). Images were projected on a video screen and cell diameter estimates were measured blind to genotype orthogonal to the long axis of the longitudinally arrayed cells delineated by WGA -FITC directly from the screen. Measurements were made only on those myocyte profiles containing Hoechst-labeled nuclei to ensure that the cell was measured at a mid-plane within its volume. The diameter measurement was taken at or near the mid-point of the myocyte nucleus. Diameter measurements were made at 5 random microscopic fields within each of the basal and apical halves of the ventricular sections. Myocytes (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) were measured within each of these fields. The design used could thus be summarized as 5 -20 myocytes Â 5 fields Â 2 ventricular territories Â 3 animals Â 2 genotypes.
Smooth muscle actin immunolabeling and arterial density quantification
Frozen sections of neonatal and 4-week-old wildtype and knockout hearts (on at least 3 per genotype) were immunolabeled with antibody against smooth muscle actin (1 : 1000, Sigma) using standard protocols [14] . The arterial density was measured, blind to genotype, on hearts from 4-week-old animals using stereological methods described previously [15] . In brief, the immunofluorescently labeled histological sections were assessed using a point-counting protocol [16] . The sections used in this quantification were sister, or near sister sections, to those used for the Cx43 and myocyte size assessments. Intersections of coronary arterial profiles and myocardial tissues (taken to normalize arterial area to myocardial tissue area) with a M168 Weibel grid were counted at 30 independent microscope fields (15 each at random locations in the apical and basal halves) within each histological section assessed. Three histological sections were sampled from each of 3 animals used per genotype. The design could thus be summarized as 15 fields Â 2 ventricular territories Â 3 sections Â 3 animals Â 2 genotypes. Images for counting arterial profiles were captured using a Â40 1.3 NA oil immersion objective on a Leica DML microscope as above. Images were projected on the Sony Triniton video screen with an overlaid Weibel grid and point counts were made directly from the screen.
Quantification of coronary arterial perfusion
The aorta of HF-1b knockout and wildtype hearts (six per genotype) were cannulated and the coronary arterial bed of these hearts were perfused via the aorta with Tyrode solution at a flow rate sufficient to maintain a perfusion pressure of 125 mm Hg. After 5 min of perfusion, 15 Am diameter fluorescent beads were injected into the aortic root at 250 beads/g of body weight-beads of this diameter are standard for assessing regional tissue perfusion [17] . Following a 5-min post-injection flush, the hearts were fixed with 4% paraformaldehyde. Imaging for bead counts was undertaken on a Lecia SP TCS LSCM using a Â20 objective using constant zoom, aperture and gain settings. A projected volume of bead-infused ventricle was generated from a series of 40 7.5 Am-spaced optical sections. Twenty such optical section series (10 each in the basal and apical halves of each ventricle) were imaged starting from the posterior epicardial surface. The bead counts per projection were normalized to myocardial volume estimates derived from background autofluorescence of the paraformaldehyde-fixed tissue. The design could thus be summarized as 10 confocal projections Â 2 ventricular territories Â 6 animals Â 2 genotypes.
Optical mapping of activation
Optical recordings were made using a voltage-sensitive dye (di-4-ANEPPS) to compare the activation sequence on the posterior epicardial surface of HF-1b knockout and wildtype hearts (5 -6 per genotype). The methods used have been previously described by others and us [6,18 -20] . In brief, hearts were removed from the chest and immediately perfused through the coronary circulation via the aorta with oxygenated Tyrode solution at 125 mm Hg. The hearts were placed in a tissue bath mounted on a Leica FLZ III dissecting microscope. The temperature of the tissue bath and perfusate were maintained at 37 T 0.5 -C. Hearts were stained via superfusion and perfusion with voltage-sensitive dye (di-4-ANEPPS) for 10 min. Excitation light was provided by 100 W mercury vapor light source and green filter. Hearts were paced from a stimulus electrode (frequency 5 -6.7 Hz, 1 ms duration, 2Â threshold voltage) placed on the epicardial surface at the ventricular base. A high speed SciMeasure CCD camera (RedShirtImaging, Fairfield CT) with 80 Â 80 pixel array was used to capture epicardial voltage transients propagating from the stimulus electrode at 1 -2000 frames/s. Cytochalasin D (10 Amol/L) was used to minimize the motion artifact. Spatial and temporal filtering was utilized in data post-processing (Cardioplex, RedShirtImaging). Isochronal maps of activation spread and conduction velocity measurements were derived by Cardioplex software. Cx43 immunolabelings and confocal imaging of mapped hearts were carried out as described above.
Statistical analysis
Data are expressed throughout as mean T SD (standard deviation). Except where otherwise noted, a one-way analysis of variance was performed on all data sets ( p values of < 0.05 were considered significant). Bartlett's test for homogeneity of variance indicated no significant inhomogeneities of variance within the data. Normality was assessed by the univariate normality procedure prior to ANOVA and Cx43 content per tissue area data was log transformed to conform to a normal distribution. When appropriate, pair-wise comparisons were made using Student's t-test. p values of <0.05 were considered significant.
Results
Cx43 levels are reduced and heterogeneous in the apical region of the HF-1b knockout ventricle
In the HF-1b knockout ventricle, the expression of the gap junction protein Cx40 is disrupted in distal Purkinje fibers, i.e. cells localized in the apical half of the ventricle [3, 5] . This localization led to ask the question: Are there similar spatial variations in other structural elements relevant to electrical activation in the knockout heart? We initially focused on base-to-apex variations in the level and organization of Cx43. As HF-1b null heterozygotes (+/À) showed no significant difference from wildtype littermates in any parameter examined (e.g., see Table 1 ), the following description is mainly confined to comparisons between the knockout and wildtype genotypes. Fig. 1 indicates that 4-week postnate knockout mice show lower levels of localization of Cx43 particles/puncta at intercalated disks as compared to wildtype littermates (compare Fig. 1a with c-note inset in 1a showing disks labeled with rhodamine -phallodin). Consistent with this qualitative assessment, quantitative analysis of overall Cx43 immunolocalization patterns indicated that the percent of Cx43 area localized at intercalated disks was significantly lower ( p < 0.001) in the knockout ventricle (Table 1) . This disruption to Cx43 pattern in the knockout was uniform within the knockout ventricle, showing no significant variation between the apical and basal halves (Table 1) .
Overall, there was a highly significant decrease ( p < 0.001) in Cx43 content per tissue area in the 4-weekold knockouts as compared to control littermate ventricles (Table 1 and Fig. 2a) . Western blotting confirmed that overall levels of ventricular Cx43 were reduced in the knockout (Fig. 1e) . However, unlike percent of disklocalized Cx43, the reduction in Cx43 content showed territory specific variation within the ventricle. While there was no significant difference in Cx43 content between the basal halves of ventricles between genotypes, there was a highly significant ( p < 0.001) reduction in Cx43 content in the apical half of the ventricle of the knockout as compared with the wildtype (Table 1 and Fig. 2a) .
While moderate uniform reductions in Cx43 are not thought to slow or disrupt cardiac activation spread per se, evidence is mounting that spatial heterogeneities in Cx43 and other cardiac connexins can lead to profound conduction disturbance [21 -24] . We thus undertook further analyses of spatial heterogeneities in Cx43 level within the apical territory of the HF-1b knockout ventricle. Fig. 2b provides cumulative frequency distributions of Cx43 content variation in the 45 optical sections that were sub-sampled within the apical territories of knockout and wildtype littermates. From this illustration, it can be ascertained that 8-10% of these optical section images had Cx43 content estimates that fell below a quarter of the value of the overall wildtype mean. By contrast, in the wildtype, no optical section had a Cx43 content that even fell below half the level of the overall wildtype mean (Fig. 2b) . We concluded that there were sectors in the apical half of the knockout ventricle that displayed severe reductions in Cx43 level.
3.2.
Myocyte size is reduced in the apical territory of the HF-1b knockout ventricle WGA -FITC delineation of cell borders indicated that working ventricular myocytes of 4-week-old knockout mice were smaller and more irregularly shaped than those of wildtype littermates (compare Fig. 3a and b) . This assessment was confirmed in a quantitative study (Fig. 3c) . Moreover, it was determined that the dimensions of apically localized myocytes in the knockout showed a significant ( p < 0.05) decrease in size relative to apically located myocytes in wildtype littermates (Fig. 3c) . In muscle fibers or neurons, conduction velocity varies as a square function of fiber diameter [25] . Thus, modest reductions in the myocyte diameter may have relatively large negative effects on conduction velocity.
Disruptions in electrical activation spread demonstrate a direct spatial association with Cx43 heterogeneities in the HF-1b knockout ventricle
The preceding analyses indicated base-to-apex heterogeneities in Cx43 level and myocyte size within the ventricle of the HF-1b knockout. Mathematical modeling has demonstrated that Cx43-mediated coupling and cell size are two of the most important determinants of conduction velocity in ventricular myocardium [26, 27] . We next used optical mapping to address whether manifest alterations in electrical activation spread were detectable in the ventricle of the knockout. One key aspect of our approach was the use of a pacing electrode on the ventricular epicardial surface. This was done to eliminate complications to interpretation arising out of the previously described disruption to Cx40 in distal conduction cells in the knockout [3] . The stimulus electrode protocol ensured that the activation maps recorded reflected the conduction properties of the working ventricular myocardium alone, i.e., the tissue in which Cx43 and cell size heterogeneities were localized to in this study.
Epicardial electrical pacing of six 4-week-old wildtype mice indicated uniform anisotropic patterns of activation spread in all cases, whereby excitation propagated in the expected elliptical pattern [18] from the stimulus electrode (Fig. 4a, c) . All knockout hearts exhibited strikingly more complex patterns of activation (Fig. 4b, d-g ), although none demonstrated activation sequences consistent with an arrhythmia. In addition to areas of relatively normal conduction velocity, five of the six knockout hearts displayed areas in the middle or apical region of the ventricle of slow conduction (Fig. 4d-f) . The remaining knockout heart displayed uniformly slow and thus abnormal conduction of excitation (Fig. 4g) . Overall, average conduction velocities were significantly lower ( p < 0.05) in the HF-1b knockout hearts compared to wildtype littermates, as were minimal conduction velocities ( Table 2 ). The ratio of maximum / minimum conduction velocity was also significantly greater in knockout hearts ( p < 0.05) compared to the wildtype (Table 2) . These changes in activation parameters all appeared to reflect the discrete sectors of slowed conduction that occurred exclusively in HF-1b knockout ventricles.
Mapped hearts were subsequently sectioned and immunolabeled to determine whether the apically located sectors of slow conduction in knockout ventricles corresponded to regions with reduced Cx43. Fig. 5a and b shows the isochronal maps for the same hearts illustrated in Fig. 4c and f, respectively. Arrowheads point to mid-ventricular and apical loci on these maps corresponding to the precise location of the four Cx43-immunolabeled tissue regions shown in Fig. 5c -f . A large reduction in Cx43 immunolabeling was observed at the precise location of slowed conduction in the knockout ventricle ( Fig. 5b and f) . Consistent with the data shown in Table 1 , Cx43 levels in the basal region of the knockout was comparable to the levels in the basal and apical regions of the wildtype (compare Fig. 5e to c and d) . The Cx43 content at the knockout apex in Fig. 5f is 12.5% of content estimate for the wildtype region shown in Fig. 5e . Danik et al. [28] have shown that reductions in Cx43 level below 18% of normal (via cre-mediated excision of Cx43) resulted in a significant reduction of conduction velocity in mouse ventricles. As such, we conclude that localized heterogeneities in Cx43 and myocyte size may be sufficient to explain the regions of slowed conduction in the ventricular myocardium of the HF-1b knockout mouse.
HF-1b knockout ventricles show base-to-apex deficits in coronary arterial structure and function
Stereomicroscopic examination of knockout hearts indicated coronary vascular abnormalities. While the main arterial branches seemed normal, collateral branching appeared reduced in the knockout. Fig. 6a and b show low magnification views of alpha-smooth muscle actin immunolabeled sections near the ventricular apex (see inset) of neonatal wildtype and knockout mice. Higher magnification details from these sections reveal irregularities in the smooth muscle coat of arterial profiles in knockout, not present in wildtype (compare Fig. 6c and d in particular the insets). It should be noted that only arteries are invested with smooth muscle in the neonatal mouse heart. It nonetheless could also not be excluded that there were also subtle vascular defects not revealed by smooth muscle actin immunolabeling in veins and capillaries.
At 4 weeks, normal arterial profiles were always found in the basal and apical territories of wildtype ventricles and in the basal region of knockout littermates. However, in the apical half of knockout ventricles, there was a paucity of small-caliber arteries (compare frequency of arrowheads in Fig. 6e and f, in particular the insets) . Quantification of coronary arterial density confirmed that there were significantly lower densities of intramural arterialization in knockouts as compared to wildtype ventricles at 4 weeks of age ( p < 0.01- Fig. 6g) . Consistent with the qualitative appraisal, this difference followed a base-to-apex variation by genotype. Specifically, while there was no difference in arterial density between the basal territories of wildtype and knockout ventricles (Fig. 6g-base) , there was a significant ( p < 0.01) reduction in density in the apical territory of the knockout.
To determine whether loss of small resistance vessels in the knockout ventricle had effects on function of the vascular bed, we undertook a bead perfusion study. Fig.  7a and b shows isolated wildtype and knockout hearts from 4-week-old mice that were subject to retrograde perfusion of the aorta with fluorescent 15 Am beads under physiological conditions. A base-to-apex gradient in bead distribution can be discerned in the knockout (Fig. 7b) . Overall, the quantitative analysis (Fig. 7c) indicated that the density of beads in the ventricles of knockouts was significantly lower than that of wildtype animals ( p < 0.05). Consistent with the pattern of loss of small resistance vessels, knockouts displayed a significant reduction ( p < 0.01) in bead density in the apical half of the ventricle. Bead perfusion of the basal territory (Fig. 7c ) also appeared to be decreased in the knockout, though this reduction did not reach significance in comparison to the wildtype. In conclusion, our data in indicates that the apical territory of the HF-1b knockout has reduced densities of small resistance vessels and decreases arterial perfusion relative to wildtype littermates.
Discussion
In the present study, the sudden cardiac death phenotype of the HF-1b knockout mouse is shown to be associated with multiple defects to ventricular structure and electrical activation. The most novel aspect of the study is that these ventricular defects demonstrate a base-to-apex axial gradation in severity. The study also supports and extends the concept that the HF-1b gene has effects ion channel and connexin expression in both working myocytes and conduction cells [2, 3] . The abnormal expressions of Cx40 and minK have been noted previously [3] . Here, we report that the distribution of Cx43 gap junctions (GJs) is also disturbed in the HF-1b knockout heart, with increases in Table 2 Conduction velocity measurements Cx43 immunolocalized to the lateral aspects of ventricular myocytes. Moreover, deletion of the HF-1b gene is associated with reductions in Cx43 content-particularly in the apical territory of the ventricle. The ''lateralized'' distribution of Cx43 observed in knockout ventricle resembles that found in the normal atria and at immature (d) , respectively. Although the distribution of the main branches is preserved, vessel walls show discontinuous smooth muscle in the knockout at high magnification (insets). In the 4-week-old, apical sections stained with anti-smooth muscle actin and propidium iodide in (e) and (f). Although the main branches appear normally deployed in the HF-1b À/À heart, there is a paucity of small caliber vessels (best seen in the higher magnification insets) compared to that of the wildtype. Small arrowheads point to these smaller arterial profiles in (e) and (f). Scales = 1 mm (a,b) and 100 Am (c, d, e, f). (g) Stereological analyses indicate a reduction in the total volume density of coronary arteries in the HF-1b À/À ventricle, as compared to HF-1b +/+ , **( p < 0.01). Furthermore, this decrease is seen in the apical half of the ventricle ( p < 0.01), but not in the base. stages of postnatal development [29, 30] . Non-disk-localized GJs and decreased Cx43 are characteristic of myocytes comprising the conduction system [31] . The pattern of alteration to Cx43 expression and cellular distribution seen in the HF-1b null ventricle is thus consistent with the previously suggested hypothesis of a ''confused'' identity'' of myocyte phenotype in this mouse model [3] .
The regions of slow conduction found in the apex of the HF-1b knockout heart were resolved following pacing of the epicardial surface of the ventricular base. As such, this abnormality of activation is not explained by the conduction system-e.g., resulting from disruption to Cx40 expression in Purkinje fibers. While it remains to be shown that these sectors lead to the lethal disturbances of conduction characterizing the HF-1b knockout heart, slow conduction has been mathematically modeled as a key property of propagation arrhythmias [24] . Importantly, reduced coupling by gap junctions supports very slow conduction in such models. Spach and others have also demonstrated that gap junctional coupling and cell size are significant factors in modeling conduction velocity in the working ventricular myocardium [26, 27] . In this study, we show that the apical sectors of slow conduction present in the HF-1b knockout ventricle precisely co-localize with ventricular regions showing profound reduction in Cx43. Myocyte size also demonstrates reductions in the ventricle of the null mouse that are more pronounced in the apical territory. These localized changes in Cx43 level and cell size, together with the increases action potential duration and dispersion reported previously for working ventricular myocytes from the knockout [3] , appear sufficient to explain conduction abnormalities present in the ventricle of HF-1b knockout mice. Furthermore, it is likely that these abnormalities in working myocardial structure, activation and refractoriness will contribute to the lethal cardiac arrhythmias that develop in this mouse model during postnatal life.
The mechanistic bases of the multiple changes in structure and function that are observed in the HF-1b knockout heart remain an outstanding question. One explanation could be that certain of the myocardial abnormalities of the knockout develop as a secondary consequence of the loss of coronary arterial structure and function possibly due to diminished growth factor(s) [32] . Proper function of the vascular bed is vital for the perfusion of cardiac muscle. It is well-established that gap junctional Cx43 in ventricular myocardium is exquisitely sensitive to even small changes in ionic concentrations, oxygen and pH [33, 34] . The compromised perfusion of the apical territory of the ventricle in the knockout could alter such chemical gradients and in turn, such alterations may have local impacts on levels of Cx43 and other genes involved in normal conduction of activation. With respect to the occurrence of coronary arterial abnormalities in the knockout, it may be significant that HF-1b is expressed in neural, as well as cardiac tissues. Neural crest cells migrating from the neural tube are known to have important affects on cardiac morphogenesis [35] , including coronary arterial development [15, 36, 37] . Most pertinently, in an apparent parallel to the effect of deletion of the HF-1b gene in mouse, ablation of neural crest in chick results in a reduction in coronary arterial density that is particularly marked in the apical territory of the ventricle [15, 38] .
Expression of HF-1b by neural tissues points to alternate potential explanations of the knockout phenotype. Coronary arteries are rich in intrinsic nerves and these nerves would presumably be attenuated in the knockout apex in association with the loss of arterial resistance vessels [39] . Additionally, this endogenous base -apex variation in norepinephrine is likely to be accentuated in the HF-1b knockout by ischemia in the apical region [40] . Furthermore, it is well understood that de facto denervation along with myocardial injury from diabetes is highly arrhythmogenic [41] . Vascular and neural trophic factors are expressed by cardiac cells and the loss of HF-1b function may attenuate the expression of such factors having wide range of biological actions [42, 43] . It should also be considered that the loss of resistance vessels and their associated nerves in the knockout ventricle might be the primary defect in the myocardium rather than vice versa.
We conclude the HF-1b knockout mouse displays several defects in ventricular structure and function that may contribute to the development of lethal arrhythmias in this model. The ontogeny of these defects are likely to be multifactorial, with some of the contributing factors having possible cell autonomous origins in the ventricular myocardium, whilst others potentially result from disrupted function of cardiac neural and/or vascular tissues. There may also be complex interactions between myocardial and non-myocardial aspects of the phenotype that contribute to the eventual development of arrhythmias. Consequently, future work would best be directed at genetically dissecting the multiple input to the phenotype by undertaking tissue-specific knockout of HF-1b independently in ventricular myocardial and neural tissues.
